INTRODUCTION
Pseudomonas aeruginosa is an aerobic, motile, Gram-negative, opportunistic pathogen, commonly found in soil and water. This bacterium has few nutritional requirements and can utilize many natural and artificial compounds as energy sources, and it is also highly resistant to antibiotic treatment. One of the most potent virulence factors produced by this human pathogen is the 66 kDa protein exotoxin A (ETA). ETA is a secreted bacterial toxin that gains entry into the host eukaryotic cell by receptor-mediated endocytosis [1] . It utilizes the α # -macroglobulin receptor complex found on the external side of the plasma membrane of many eukaryotic cells [2] . The toxin gains entry into the cytoplasm of the host via the retrograde endoplasmic reticulum pathway [3, 4] and effectively slows protein synthesis by transferring the ADPribosyl moiety of NAD + on to the diphthamide residue of endogenous eukaryotic elongation factor-2 (eEF-2) [5] , a highly conserved and essential catalytic protein factor that functions as an essential translocase at the host ribosome [6] . The X-ray structure of the native, whole toxin was originally determined to 3.0 A H [7] but recently an ultra-high-resolution structure has been determined and refined to 1.45 A H [8] . The protein consists of three structurally and functionally different domains including domain I (I a , residues 1-252 ; and I b , 365-404) that is a 13-stranded β-roll, domain II (residues 253-364), a six α-helical bundle, and domain III (residues 405-613), the enzyme domain that possesses a complex α\β domain with a unique NAD + -Abbreviations used : ADPRT, ADP-ribosyltransferase ; AEDANS, 5-o[(acetyl)amino]ethylqamino-naphthalene-1-sulphonic acid ; β-TAD + , β-methylenethiazole-4-carboxamide adenine dinucleotide ; CRM66, cross-reactive 66 kDa protein ; eEF-2, eukaryotic elongation factor-2 ; ε-NAD + , etheno-β-nicotinamide adenine dinucleotide (oxidized form) ; ETA, exotoxin A ; FRET, fluorescence resonance energy transfer ; GH, NAD + glycohydrolase ; K D , substrate-binding (dissociation) constant ; PE24, exotoxin A C-terminal catalytic fragment ; PE24H, exotoxin A C-terminal catalytic fragment with a polyhistidine tag ; TLCK, tosyl-L-lysine chloromethyl ketone ; WT, wild-type. 1 To whom correspondence should be addressed (e-mail merrill!chembio.uoguelph.ca).
tegrity measurements revealed that His-426 H-bonds to and that replacement of His-426 with polar substitutions leads to structural alterations of the enzyme's folded conformation. Furthermore, it was shown that His-426 is not important for the binding of either of the two substrates of exotoxin A, NAD + or elongation factor-2. In summary, these data show that His-426 is not an active-site residue and that it is not important for substrate binding or orientation, but that it plays an important structural role in helping to maintain the folded conformation of the enzyme toxin. Therefore, the role of His-426 would seem to be to tether helix 1 to the main body of the enzyme, and mutations resulting in the disruption of this region of the enzyme result in a significantly impaired enzyme.
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binding fold. Domain III is the ETA C-terminal catalytic fragment (PE24) that possesses the ribosyltransferase activity [9] . The X-ray structure of PE24 was determined with the hydrolysis products of NAD + bound within the active site [10] and later with an NAD + analogue, β-methylene-thiazole-4-carboxamide adenine dinucleotide (β-TAD + ) [11] . The PE24 enzyme shows common functional and structural properties with members of the mono-ADP-ribosyltransferase (ADPRT) family, including diphtheria toxin, cholera toxin, pertussis toxin, Escherichia coli heat-labile endotoxin and others [12] . Furthermore, the group of poly(ADP-ribose) polymerase enzymes, located in the nucleus of most eukaryotes, shows significant structural homology with the catalytic domains of the bacterial toxins [13] . This whole family represents a unique class (class 7) of NAD + -binding enzymes that bind NAD + in a compact configuration that places strain on the N-glycosidic bond [14] . In 1980, a P. aeruginosa mutant strain was isolated that produced a non-toxic, immunologically cross-reactive ETA protein called CRM66 (cross-reactive 66 kDa protein) [15] . Subsequent work indicated that the non-toxic protein had a single point mutation, His-426 to Tyr, and it was proposed that this His residue may play an important structural role in the enzyme or may be important for catalysis or as a binding site for the protein substrate, eEF-2 [16] . Wozniak and colleagues [17] showed that converting Tyr-426 back to His restored the ADPRT activity of CRM66. It was also shown that CRM66 binds the NAD + substrate normally, but that a monoclonal antibody (TC-1) directed against His-426 could block ADPRT activity and that TC-1 recognized the toxin sequence from 422 to 432 [18] . It was concluded that His-426 may be in a critical region of the toxin important for its enzyme activation and may be required for orienting the eEF-2 substrate. Later this research group used immunochemical techniques to show that toxin bound to immobilized eEF-2 cannot bind TC-1 and that modification of His-426 by the His-specific reagent diethylpyrocarbonate eliminates the binding of eEF-2 to the toxin in the presence of NAD + [19] . Finally, Wick and colleagues prepared a series of point mutations at the His-426 site and found that H426P was the least active toxin and H426A and H426E were the most active toxins [20] . It was concluded that the CRM66 mutant protein (H426Y) might have some conformational differences from the wild-type (WT) protein since it responds differently to urea\dithiothreitol activation.
The work reported in this paper was directed towards clarifying the role of His-426 within ETA. The approach was to prepare a number of site-directed mutant proteins with amino acid residue substitutions being localized to helix 1 within ETA, specifically surrounding and including His-426. It was proposed that if His-426 serves as a binding site for the eEF-2 protein that adjacent residues exposed on the surface of helix 1 would also be likely to be involved in the interaction with the eEF-2 protein. Various tests of enzyme function were used to assess the impact of the mutations on enzyme activity, and in concert with activity tests the structural integrity of the mutant enzymes was also rigorously probed. The results shown herein indicate that His-426 functions in a structural role within ETA and that it is not a specific binding site for the eEF-2 protein. Therefore, it is concluded that any loss in enzyme function associated with residue replacement at the His-426 site is a consequence of a compromised threedimensional fold of the enzyme.
EXPERIMENTAL

Site-directed mutagenesis of polyhistidine-tagged PE24 (PE24H)
Site-directed mutagenesis of PE24H was performed using the QuikChange TM site-directed mutagenesis kit purchased from Stratagene (La Jolla, CA, U.S.A.) [21] . Mutagenic primers were designed using Gene Runner v3.04 (Hudson, NY, U.S.A.). Template DNA used for amplification and mutagenesis was WT PE24H DNA in all cases except for H426Y\Y502H, H426Y\ Y502R and H426Y\S408C in which H426Y was the template, and Y502F\S408C where Y502F was used as the template. Oligonucleotide primers were purchased from Invitrogen (Burlington, ON, Canada). Dideoxy sequencing using dye chaintermination and cycle sequencing was performed using an ABI Prism 377 DNA sequencer (Applied Biosystems, Foster City, CA, U.S.A.) located in-house at the University of Guelph.
The plasmid DNA (from the mutagenesis reaction) for Q424K, R427Q, Q428K, E430H and Y502F was purified and precipitated using the chloroform and acetate\ethanol methods [22] , respectively. Purified DNA (5 µl) was then transformed into XL1-Blue cells (Stratagene). For all other mutant proteins, 5 µl of the mutagenesis reaction was transformed directly into XL1-Blue cells. The transformed cells were grown overnight at 37 mC on 2iYT agar medium containing 100 µg\ml ampicillin.
Overexpression and purification of PE24H
PE24H was purified as described previously by Armstrong and Merrill [9] with some minor changes. One preparation of H426Y was induced with isopropyl β--galactoside overnight at room temperature. Super L-broth (4 l) was used in the preparations of H426Y and Y502F. For WT, Y502H, Y502R, H426F, H426Y\ Y502H, H426Y\Y502R, H426Y\S408C and Y502F\S408C, one colony was grown overnight in 50 ml of 2iYT containing 100 µg\ml ampicillin to generate the starter culture. Y502F, Y502H, Y502R, H426F, H426Y\Y502H, H426Y\Y502R and subsequent preparations of H426Y were purified without using the Q-Sepharose column. As a result, the EDTA was removed from the sucrose and suspension solutions. For Y502R, H426Y\ Y502R, H426Y\S408C and Y502F\S408C, the chelate-agarose column was charged with 100 mM ZnSO % . In all cases, the PE24H protein aliquots were frozen and stored at k70 mC. Protein concentration was determined from absorbance measurements using either a Perkin-Elmer λ-6 spectrophotometer (Norwalk, CT, U.S.A.) or a Varian Cary 50 UV spectrophotometer (Mississauga, ON, Canada). The molar absorption coefficient for PE24H was determined to be 27 310 M −" :cm −" .
Trypsin digestion of PE24H
Trypsin digestions of WT, Q424K, H426Y, R427Q, Q428K, E430H and Y502F PE24H proteins were performed in duplicate. Samples were digested with 1 µg\ml tosyl--phenylalanine chloromethyl ketone (' TPCK ')-treated trypsin (Sigma, St. Louis, MO, U.S.A.) in 20 mM Tris\50 mM NaCl buffer at pH 7.9 and protein concentration in the reaction mixture was 0.28 mg\ml. Samples were quenched with 1 µg\ml tosyl--lysine chloromethyl ketone (TLCK ; Sigma) every 1 or 2 min for 16 min, then incubated at 95 mC for 2.5 min and subsequently placed on ice. Samples were loaded on to a 15 % acrylamide gel containing 15 wells (3 mm in thickness). Duplicate trypsin digestions were performed as described previously for WT, Y502H, Y502R, H426F, H426Y\Y502H and H426Y\Y502R with the addition of 3 µl of reaction mixture containing 1 µg of ovalbumin (Sigma) and 6 µg of TLCK prior to loading on a SDS\12.5 %-PAGE gel. Protein concentration in the reaction mixture was 0.32 mg\ml. Additionally, the results obtained for Q424K, H426Y, R427Q, Q428K, E430H and Y502F were verified using this method. The trypsin digestion time courses were altered for Y502F, Y502H, Y502R, H426F, H426Y\Y502H and H426Y\Y502R protein samples ; the digestions were quenched with TLCK at 30 s intervals for 4 min. The samples were exhaustively stained in Coomassie Blue and the resulting stained gels were scanned for band intensities using Scion Image TM densitometry software (Scion Corp, Frederick, MD, U.S.A.).
Quantitative SDS/PAGE
Scion Image TM densitometry software was used to determine the relationship between the amount of protein and the density value given by the software. SDS\PAGE gels containing BSA (Pierce, Brockville, ON, Canada) ranging from 0.08 to 6.67 µg were used for triplicate analysis. The protein bands were evaluated using the integrated density, mean density and plotting\area features of the software ; the Gelplot2 macro was used for the plotting\ area analysis. The 16 kDa fragment resulting from trypsin digestion of PE24H was present in the highest quantity and was used for analysis. The linear fit function in OriginLab Origin v6.1 (Northampton, MA, U.S.A.) was used to determine if the amount of protein was directly proportional to the given density value. The plots of relative band area versus time gave exponential decay curves that were fitted to a first-order reaction using Origin 6.1 software where
, where A is the area at time t, A ! is the initial area at time zero, A " is the area change during the digestion reaction and k is the rate constant. His-426 plays a structural role within exotoxin A
The t "/# value for each digestion reaction was calculated for a first-order reaction where t "/# l 0.693\k.
NAD T -binding assay
Triplicate determinations of NAD + binding by PE24H proteins were performed as described previously by Beattie and Merrill [23] . Modifications to the binding assay were necessary for E430H and R427Q, where the respective protein concentrations were 1.47 and 0.75 µM.
NAD T glycohydrolase (GH) activity of PE24H
The GH activity of 2 µM WT PE24H was determined using concentrations of etheno-β-nicotinamide adenine dinucleotide (oxidized form) (ε-NAD + ) ranging from 50 to 700 µM, in a 20 mM Tris\HCl buffer at pH 7.9. The rate was measured in triplicate for each concentration of ε-NAD + and the fluorescence change was measured using a Varian Cary Eclipse microplate reader using 96-well black Corning Costar TM microplates (Corning, Acton, MA, U.S.A.). An excitation wavelength of 310 nm and an emission wavelength of 410 nm were used with the slit widths set to 10 nm and the gain set to 800 MHz. Triplicate analyses were performed for all other PE24H proteins at 200 µM ε-NAD + , 500 nM PE24H in 20 mM Tris\HCl buffer at pH 7.9. The time intervals and length of assay varied depending on the number of samples being analysed at a given time. In all cases, each well was read for a duration of 0.0125 min over a period of at least 100 min. A blank containing the corresponding concentration of ε-NAD + in water was used to correct each sample for the water-catalysed reaction. The rate of reaction was determined using the linear-fit function in the Origin v6.1 software.
ADPRT assay of PE24H
The ADPRT assay was performed as described by Armstrong and Merrill [9] . All assays were performed, in triplicate, at 25 mC with ε-NAD + concentrations ranging from 50 to 500 µM. A 5 nM concentration of PE24H was used with the exception of H426Y for which 948.8 nM was used.
Purification of eEF-2
eEF-2 was purified from wheatgerm as described previously with some modifications [24] .
Fluorescence emission spectra
Various PE24H proteins were analysed for fluorescence emission maxima at 25 mC in 20 mM Tris\HCl buffer, pH 7.9, with a PTI Alphascan fluorimeter (Photon Technology International, South Brunswick, NJ, U.S.A.) equipped with a water-jacketed sample chamber. The protein samples were excited with 295 nm light from a Xenon lamp and the emission was stepped in 0.5 nm increments (4 nm excitation and emission slit widths). The spectra were smoothed in Origin v6.1 software using the Savitsky-Golay filter method (with a 7 data point window) and the fluorescence emission maximum was determined from the first derivative of the smoothed spectrum.
Fluorescence labelling of proteins
-sulphonic acid) labelling of single-Cys PE24H proteins, 5-iodoacetamido fluorescein labelling of eEF-2 and the fluorescence resonance energy transfer (FRET) eEF-binding assay were performed as described previously [21] .
CD
CD analyses were performed with a Jasco J-600 spectropolarimeter (Jasco, Easton, MD, U.S.A.) equipped with a xenon lamp. A 0.1 mm path-length cylindrical quartz cuvette (Helma) with water-jacket ports was used. The proteins were scanned from 250 to 190 nm in 0.2 nm increments at 20 nm\min with a 2 s time constant at room temperature. The buffer contained 20 mM Tris and 50 mM NaF, at pH 7.8, that had been previously bubbled with nitrogen gas for about 5-7 min. Protein concentrations were adjusted to ensure that various proteins generated elliptical values in the working range and the WT PE24 concentration was 1.0 mg\ml. The average of the four scans was used to generate the CD spectra. The composite spectra were normalized to allow for secondary structure comparison. Figure 1 shows the X-ray structure for the C-terminal catalytic domain (domain III) of ETA complexed with the NAD + substrate analogue β-TAD + [11] . This X-ray structure clearly shows that His-426 is quite distant from the active site of the enzyme ; hence, it would not be expected to directly participate in the catalytic process. The first approach was to test the possibility of the His-426 region serving as a docking site for the eEF-2 protein substrate. Thus polar residues located on the surface of helix 1 were chosen as candidates for mutational analysis with the intent being to compromise the interaction between the enzyme and eEF-2 substrate. This is partly based on the observation that the two domains believed to interact with ETA and that house the target diphthamide residue, domains 4 and 5 within eEF-2, contain a high proportion of polar and charged residues. The residues located within helix 1 and the Tyr-502 residue within β-sheet 3, along with the bound substrate analogue β-TAD + , are shown as ball-and-stick diagrams and are individually labelled. The PE24 protein is rendered as a solid ribbon, with α-helices shown as coiled structures, β-strands as flat ribbons and random-coil structure as lines. The critical H-bond between His-426 and Tyr-502 is shown as a dotted line. The protein structure was created in WebLab Viewer Pro 4.0 TM and the X-ray structure file from the Protein Data Bank (www.rcsb.org/pdb) had PDB code 1AER (PE24 with bound TAD + ). Therefore, the residues targeted for substitution, Gln-424, His-426, Arg-427, Gln-428 and Gln-430, are each located on the surface of helix 1 in positions that would be expected to be accessible for interaction with a partner protein (eEF-2 substrate) docking on the enzyme. Careful analysis of this structure using molecular modelling software (Weblab Viewer Pro 4.0 and Sybyl 6.1) indicated a number of important contacts between His-426 and Tyr-502, including an important H-bond, and this is shown in Figure 1 as a dotted line. This nurtured the idea that replacement of His-426 with Tyr would cause structural perturbation of the enzyme by disrupting the critical contact (including the loss of this H-bond), with the possible effect of jeopardizing the folded integrity of the enzyme, since it may serve to strap helix 1 to the main body of the enzyme. If this is indeed true, then residue replacement of Tyr-502 should have a similar effect on enzyme activity, as witnessed upon replacement of His-426 with Phe (Table 1 ). This formed the basis for the second approach of the mutational strategy. Table 1 shows the kinetic parameters for WT PE24H and various site-directed mutant proteins involving changes to residues on the surface of helix 1. The WT PE24H protein showed a K m value for NAD + of approx. 150 µM with a k cat near 900 min −" . These parameters yielded a specificity constant of 6 µM −" : min −" , in good agreement with previous data from our laboratory [9, 21] . Site-directed replacement mutant proteins were generated for residues that lie on the surface of helix 1 and that may serve as a docking site for the eEF-2 protein. It was reasoned that since His-426 is located on the face of helix 1 as a solvent-exposed residue, and if it is indeed a critical residue for eEF-2 docking\binding, then adjacent residues also located on the face of helix 1 would be expected to participate in this protein-protein interaction. Therefore, Q424, H426, R427, Q428 and E430 were replaced with polar residues that would not cause destabilization of helix 1 (except for the naturally occurring H426Y mutant protein). The ADPRT activities of these resultant mutant enzymes, including H426Y, are also shown in Table 1 . Replacement of these residues did not significantly affect the K m for the NAD + substrate, indicating that the ability of these mutant enzymes to interact with the NAD + substrate was not significantly impaired. However, the effects on the turnover number or catalytic rate constant (k cat ) were more dramatic upon residue substitution at two notable sites, His-426 and Glu-430.
RESULTS
Replacement of His-426 with Tyr resulted in a mutant enzyme that possessed only 1 % of the ADPRT activity of the WT enzyme (Table 1) . A similar effect on ADPRT activity was also observed for the H426F mutation. This effect has been well documented by previous workers [16] [17] [18] and a number of residue replacements have been tested for their ability to substitute for His-426 [20] . To date, no adequate substitution for His-426 has been found, even among replacement residues that stabilize helical structure such as Ala, Glu and Lys [20] . The loss of ADPRT activity by the E430H mutant enzyme, however, is intriguing. Firstly, it is not nearly as inactive as the H426Y mutant enzyme but, nonetheless, the loss of ADPRT activity of E430H is significant ; the mutant enzyme possesses 20 % of the ADPRT activity of the WT enzyme. A His-for-Glu replacement would not be expected to destabilize helix 1 but it is possible that the bulky nature of His at residue 430 may cause packing difficulties for the three-dimensional fold of the enzyme and\or there may also be favourable electrostatic interactions between Arg-427 and Glu-430 that are lost upon amino acid replacement of the Glu residue. Despite the effect on the ADPRT activity observed for the E430H mutation, it seems clear that there is not a bed of specific sites for enzyme-eEF-2 substrate interactions on the surface of helix 1. Thus, the effect of mutations within helix 1 seem to be localized to the His-426 residue in a manner that is peculiar to the role of this residue within the toxin enzyme.
Replacement of the H-bonding partner for His-426\Tyr-502 was conducted to test the hypothesis that the marked reduction of the enzyme's ADPRT activity is due to the disruption of the packing interactions between His-426 and Tyr-502 ( Figure 1) and not the loss of a critical residue involved in the reaction mechanism for the enzyme. Tyr-502 was replaced with Phe, His and Arg. The effect of Tyr-502 replacement on the ADPRT activity of the enzyme was similar to the effect observed for His-426 replacement (Table 1) [20] . This indicated that the observed effect might, in fact, be due at least in part to the disruption of the H-bond between His-426 and Tyr-502. To further test this possibility, His-426 was replaced with Phe rather than Tyr, which prevents the formation of an H-bond with Tyr-502 or any available H-bond acceptor\donor and also would not destabilize helix 1, as might be expected for the Tyr replacement. Additionally, Phe is a structurally conservative substitution for Tyr (although the polarity at that site has been altered). The Phe substitution caused a similar decrease, as seen for the Tyr replacement on the ADPRT activity of the enzyme ( Table 1 ), indicating that there are specific interactions between His-426 and Tyr-502 that, when disrupted, cause a reduction in ADPRT activity. Furthermore, the double mutants H426Y\Y502H and H426Y\Y502R showed similar decreased levels of ADPRT activity that were not cumulative, indicating that the two sites (His-426 and Tyr-502) act in concert and are not independent ( Table 1 ). The double mutant enzyme H426Y\Y502H also served another purpose in that it represents a quasi-mirror image of the original H-bonding partnership between helix 1 and the core of the enzyme (His-426 and Tyr-502). However, it is worth considering that this mutant is not a perfect mirror image because of packing constraints within the folded structure of the enzyme ; nonetheless, only small conformational changes are required to allow for optimal alignment of the Y426\H502 pair. It was originally hoped that this double mutation within the enzyme might restore the enzyme activity, but the data shown in Table 1 indicate that enzyme activity was not restored, implying that the geometry of the inverse H-bonding pair in the three-dimensional folded structure of PE24H is not appropriate for stabilization of this region of the enzyme, including the H-bond.
Since it appeared that the reduction in ADPRT activity upon mutation of PE24H at the His-426 site was due to the disruption of critical interactions between His-426 and Tyr-502, it became necessary to determine the effect of this disruption on the structure and function of the enzyme. It is well known that ETA and diphtheria toxin exhibit a residual GH activity to which no physiological role has been ascribed [25] . However, this GH activity can be exploited and monitored as a simple measure of the functional integrity of the active site of mutant enzymes. Table 2 presents a comparison of the relative GH activities for the WT and various mutant PE24H enzymes. Replacement of His-426 with either Tyr or Phe resulted in a significant loss of GH activity (67-68 % reduction) but the replacement of Tyr-502 was dependent upon the residue substituted for the Tyr. If Tyr-502 was replaced with Phe then the GH activity remained similar to that of the WT enzyme. However, if Tyr-502 was replaced with Arg then the mutant enzyme showed GH activity that was only one-half of that of the His-426 mutant protein or 18 % of the activity of the WT enzyme. Interestingly, if Tyr-502 was replaced with a His residue then the GH activity of the mutant enzyme was more than 5-fold greater than that of the WT enzyme (Table 2) . Substitution at other sites on the surface of helix 1 that are not involved in the critical H-bond did not have a negative effect on GH activity ; for example, the R427Q mutant showed a 2-fold enhancement of GH activity compared with the WT protein (Table 2) . Again, the double mutant enzymes H426Y\Y502H and H426Y\Y502R did not show cumulative effects on GH activity, which gave further credence to the idea that the effects of mutation at the His-426 and Tyr-502 sites are not independent but reflect the loss of a shared feature, a critical H-bond ( Table 2) . The NAD + substrate-binding constants are shown in Table 3 for the WT and mutant PE24H enzymes. The WT enzyme bound NAD + with substrate-binding (dissociation) constant (K D ) near 25 µM, which agrees well with previous data from our laboratory [9, 21, 23] . The mutant enzymes Q424K, R427Q and Q428K did not show large changes in their ability to bind NAD + , whereas the E430H mutant exhibited a lower binding affinity (higher K D value), but the value of 72 µM (K D ) was well within the observed range (25-100 µM) for the WT enzyme measured under various conditions in our laboratory [9, 21, 23] . However, the situation is different for the His-426 and Tyr-502 mutant enzymes, which showed more significant losses in their abilities to bind NAD + , as observed by the increase in the K D values (86-183 µM) . Also, the double mutant enzymes H426Y\Y502H and H426Y\Y502R showed similar binding affinities for NAD + as did the single mutant proteins (either His-426 or Tyr-502), again indicating that the effects of mutation at the His-426 and Tyr-502 sites act in concert. It is interesting to note that the disruption in the NAD + substrate-binding ability (Table 3) does not parallel the loss of ADPRT activity (Table 1 ) observed for mutant enzymes that possess mutations at either or both of the His-426 and Tyr-502 sites. However, this apparent discrepancy may be explained on the basis that the bound NAD + may not form a productive and catalytically active complex within the active sites of the His-426 and Tyr-502 mutant enzymes.
A FRET assay for the binding of eEF-2 to the PE24H protein has recently been devised in our laboratory [21] . It is based on the quenching of a donor chromophore (AEDANS, 5-o[(acetyl)-amino]ethylqamino-naphthalene-1-sulphonic acid) attached to an engineered Cys residue (S408C) on PE24H (WT enzyme has no cysteines) by an acceptor chromophore (fluorescein) attached
Figure 2 Binding of eEF-2 to PE24H mutant proteins
The quenching of the AEDANS fluorescence for ($) H426Y/S408C-AEDANS PE24H, (#) Y502F/S408-AEDANS PE24H and (=) S408-AEDANS PE24H (in 4 M urea) was determined from the titration of these protein adducts (1.0 µM) with eEF-2-5-acetamide fluorescein (0-5020 nM) as described in the Experimental section. The fluorescence excitation wavelength was 337 nm and the emission wavelength was 460 nm (4 nm bandpasses) at 25 mC. The raw fluorescence-quenching data were converted to fractional saturation values (∆F/∆F max ) and plotted against the eEF-2-5-acetamide fluorescein concentration. The ∆F max was estimated by extrapolation of the data. These data were then fitted to a single binding equation and the K D values were calculated as described in the Experimental section.
Table 4 Comparison of the half-lives for WT and mutant PE24H proteins from trypsin proteolytic digestion analysis
The t 1/2 values were determined by quantitative SDS/PAGE (see the Experimental section) and represent the time required for trypsin to digest one-half of the PE24H protein (10 µg). The measurements represent the meanspS.D. and were calculated from at least three independent experiments. The relative t 1/2 corresponds to a value of 1.0 for the WT protein. to the eEF-2 protein via thiol linkages. The binding of fluoresceinlabelled eEF-2 to the H426Y and the Y502F proteins is shown in Figure 2 . Interestingly, both of these mutant proteins bound eEF-2 in a similar manner to the S408C (control) protein with K D values of 1.2p0.3, 1.1p0.2 and 0.9p0.1 µM for the control (S408C), H426Y (S408C) and Y502F (S408C) proteins, respectively. This indicates that His-426 is not an important site for eEF-2 binding, as suggested previously [17] [18] [19] . An important control is also shown in Figure 2 . This shows the binding of eEF-2 to toxin in the presence of 4 M urea, under conditions in which the toxin is denatured [23] and the eEF-2 protein is fully active (results not shown). The results from Figure 2 show that eEF-2 The fluorescence emission maxima were determined from the fluorescence emission scans of the various proteins with excitation set at 295 nm and the emission was scanned from 310 to 450 nm (see the Experimental section for details). The excitation and emission bandpasses were 4 nm and the temperature was 25 mC. The fluorescence emission spectra were smoothed using the Savitzky-Golay filter method (local polynomial regression) followed by a first derivative of the smoothed data set to obtain the emission maximum. does not bind PE24H when the toxin is denatured, indicating that the FRET binding assay is sensitive to the folded state of the toxin and also is a useful gauge of toxin-eEF-2 binding affinity. The structural integrity of the mutant PE24H proteins was assessed by using a number of methods. Table 4 shows a comparison of the relative stabilities of the mutant toxins to trypsin digestion. It is clear that there are two classes of mutants in Table 4 , one class that is of comparable stability to the WT protein and a second class that possesses a less-stable folded structure. The former class includes Q424K, R427Q, Q428K and E430H and the latter class includes H426F, H426Y, Y502F, Y502H, Y502R and the double mutant proteins H426Y\Y502H and H426Y\Y502R. The latter group of mutant proteins showed t "/# values that ranged from 0.4 to 1.3 min as compared with the WT value of 6.0 min ( Table 4 ). The folded integrity of the mutant proteins was also assessed by fluorescence spectroscopy as demonstrated previously [26] , and the data are shown in Table  5 . The WT protein exhibits a Trp fluorescence maximum near 331 nm (295 nm excitation), which is in good agreement with previous findings from our laboratory [23, 27] . Again, two groups of mutant proteins were obvious from the fluorescence emission data. The first group included Q424K, R427Q, Q428K and E430H and these proteins exhibited similar fluorescence emission maxima to the WT protein ( Table 5 ). The second group included H426F, H426Y, Y502F, Y502H, Y502R and the double mutant proteins H426Y\Y502H and H426Y\Y502R. This latter group possessed fluorescence emission maxima ranging from 348 to 351 nm, which are characteristic of the unfolded protein [23] .
ETA
A third approach to determine the folded stability of the mutant proteins was CD spectroscopy as a relative measure of the secondary structure content of the proteins [23, 27] and the data are shown in Figure 3 . PE24H is a highly flexible protein that is composed of 21 % α-helical and 18 % β-sheet content [11] . Figure 3 shows the characteristic CD spectrum of the WT PE24H protein [23, 27] , and that of Q428K is also shown as a representative member of the stable class of mutants, which all showed similar CD spectra to the WT protein, including Q424K, Q428K, R427Q and E430H (results not shown). However, H426Y and Y502R proteins possess CD spectra that are radically different from that of the WT protein ( Figure 3 ) and these His-426 plays a structural role within exotoxin A
Figure 3 CD spectra of WT and mutant PE24H proteins
The CD spectra were obtained for the following PE24H proteins as described in the Experimental section : WT (thin solid line), H426Y (dotted line), Q428K (thick solid line) and Y502R (dashed line).
proteins are also representative of the less-stable class of mutants. These proteins gave CD spectra that were indicative of a loss of both α-helical and β-sheet structure with an increase in randomcoil content (Figure 3 ).
DISCUSSION
The work reported herein represents a follow-up to the earlier work of Wick and colleagues [20] . The mutant proteins analysed in this work can be divided into two classes : class 1, which involved mutation of surface-exposed residues within PE24H and that exhibited WT properties and behaviour, and class 2, which involved proteins with substitutions that disrupted the Hbond between His-426 and Tyr-502 and that were less active and showed compromised structural integrity. The ADPRT k cat values exhibited little or no change for the class 1 mutants. All other substitutions resulted in decreases in k cat values between 100-and 3000-fold. The K m for NAD + was relatively unchanged in all cases, although H426Y was the only class 2 mutant for which this value was determined. NAD + binding and GH activity was not adversely affected for either class of mutants. In general, the K D for NAD + was increased in the class 2 mutants compared with the class 1 mutants. Furthermore, only class 2 mutants (H426Y, H426F and Y502H) exhibited small changes in GH activity. These results indicate that all the mutant proteins are probably still able to bind NAD + in the desired conformation.
The class 1 mutant proteins displayed structural stability and fluorescence emission maxima similar to the WT, whereas the class 2 mutants had decreased structural integrity and exhibited red-shifted fluorescence maxima with respect to WT. Furthermore, examination of the CD spectra of H426Y and Y502R revealed that the class 2 mutant proteins are significantly unfolded compared with class 1 mutants (Figure 3) . Based on the evidence that the alteration of surface-exposed residues on helix 1 does not remarkably change the kinetic parameters or structural stability of PE24H, it is unlikely that helix 1 directly interacts with eEF2. Instead, it appears that the important interaction between residues 426 and 502 acts to tether helix 1 to the rest of the protein. Disruptions of these interactions including an important H-bond may result in structural changes at the eEF2-binding site, which alter the orientation of the diphthamide in the active site. Additionally, the NAD + binding results indicate that there may be slight perturbations in the active site in those mutants, although dinucleotide binding is not drastically impaired for these proteins. It is possible that these structural changes result in the repositioning of critical active-site residues. It has been proposed that the exact positioning of the carboxylate group of Glu-553 is critical for ADPRT activity [28] . The active-site orientation may not be optimal for ADPRT activity in some of these mutant proteins ; however, the changes in the binding site are not sufficiently large to affect NAD + binding affinity.
In contrast with the immobilized assay used by Kessler and Galloway [19] , the eEF-2-binding assay used in the present work is a FRET-based measurement and is a solution-based assay [21] . Previously, we demonstrated with this FRET assay that ETA binds eEF-2 independently of NAD + [19] and herein we show that CRM66 can bind eEF-2 similarly to the WT toxin. Furthermore, our results indicate that His-426 is not a binding site for eEF-2 and that it is not an important contact site for this protein-protein interaction. These findings seemingly contradict those of Kessler and Galloway [19] as well as our own earlier data [24] . However, the nature of the protein-protein binding assays is very different, as mentioned above, since previously both Kessler and Galloway [19] and our laboratory [24] used ELISA to determine the binding of eEF-2 with ETA. Our subsequent analysis has indicated that the boric acid buffer used by both our research groups chemically cross-links the eEF-2-toxin-NAD mixture together into a catalytically incompetent complex. On the other hand, the FRET assay that our laboratory presently employs directly measures the protein-protein interaction of the enzyme with eEF-2 in solution. Furthermore, it has been shown that during the intoxication process the toxin is proteolytically processed, resulting in a C-terminal catalytically active domain III fragment that interacts with eEF-2 in the cytoplasm of the host cell [29] and that the full-length toxin is not active unless treated in itro with reducing agent and urea [30] . Therefore, the differences between the results of Kessler and Galloway [19] and our present data may also simply reflect the use of the whole toxin for binding analysis by the former, in contrast with the use of the C-terminal fragment by our own group.
In conclusion, the results herein indicate that two classes of PE24H mutant were generated ; class 1, which exhibited WT properties and behaviour, and class 2, which was less active and showed compromised structural integrity. Class 2 mutants were consistent with the hypothesis that disruption of a critical interaction between His-426 and Tyr-502 results in a loss of enzyme activity and an unfolded protein. This seems to be the basis for the behaviour of CRM66, an inactive mutant of ETA, found in a mutant strain of P. aeruginosa (PA01-PR1) derived from nitrosoguanidine-based mutagenesis of strain PA01 [15] . This implies that the there are critical regions within the folded structure of enzymes that, upon disruption, may be responsible for inactivating the catalytic function of that enzyme. These results are significant in light of new information and the recent controversy concerning the catalytic mechanism of the diphthamide-specific ADPRTs [31] . Also, prior kinetic studies with ETA indicated that the transfer of the ADP-ribose group from NAD + to eEF-2 proceeds through an ordered sequential mechanism where NAD + binds first, forming a binary complex that then associates with eEF-2 [19, 32] . However, recently our laboratory found that β-TAD + , a non-hydrolysable analogue of NAD + , is not required for PE24-eEF-2 complexation [31] , in agreement with the recent report of Heggers and co-workers [33] .
Finally, the data herein indicate that His-426 and the helix that houses it do not function as a docking region for the eEF-2 protein as had previously been suggested [16, 19] . Presently, the sites of contact between the enzyme toxin and the eEF-2 protein substrate are controversial and require considerably more research effort for the emergence of a clear understanding of this protein-protein interaction. Currently, our laboratory is working to map the topography of the eEF-2 docking sites on the surface of the PE24H protein using fluorescence methods.
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